Rotavirus NSP5 is a non-structural phosphoprotein with putative autocatalytic kinase activity, and is present in infected cells as various isoforms having molecular masses of 26, 28 and 30-34 kDa. We have previously shown that NSP5 forms oligomers and interacts with NSP6 in yeast cells. Here we have mapped the domains of NSP5 responsible for these associations. Deletion mutants of the rotavirus YM NSP5 were constructed and assayed for their ability to interact with full-length NSP5 and NSP6 using the yeast two-hybrid assay. The homomultimerization domain was mapped to the 20 C-terminal aa of the protein, which have a predicted α-helical structure. A deletion mutant lacking the 10 C-terminal aa (∆C10) failed to multimerize both in yeast cells and in an in vitro affinity assay. When transiently expressed in MA104 cells, NSP5 became hyperphosphorylated (30-34 kDa isoforms). In contrast, the ∆C10 mutant produced forms equivalent to the 26 and 28 kDa species, but was poorly hyperphosphorylated, suggesting that multimerization is important for this proposed activity of the protein. The interaction domain with NSP6 was found to be present in the 35 C-terminal aa of NSP5, overlapping the multimerization domain of the protein, and suggesting that NSP6 might have a regulatory role in the self-association of NSP5. NSP6 was also found to interact with wild-type NSP5, but not with its mutant ∆C10, in cells transiently transfected with plasmids encoding these proteins, confirming the relevance of the 10 C-terminal aa for the formation of the heterocomplex.
Introduction
Rotaviruses, members of the family Reoviridae, are the major aetiological agents of gastroenteritis in children and young animals (Kapikian & Chanock, 1996) . These viruses are formed by three concentric layers of proteins that enclose a genome of 11 segments of double-stranded (ds) RNA. The core of the virion is composed predominantly of protein VP2, which forms the innermost layer and surrounds the viral genome, and small amounts of proteins VP1 and VP3. The intermediate layer is formed by VP6, the major capsid protein.
The outermost layer is formed by two proteins, VP4 and VP7 (Prasad & Chiu, 1994) . In addition to these structural proteins, six non-structural viral proteins, NSP1 to NSP6, can be found in infected cells (Estes & Cohen, 1989) .
Rotaviruses replicate in the cytoplasm of cells, and viral RNA packaging, assortment and replication, as well as assembly of the double-layered particles is thought to occur in viroplasms, large cytoplasmic electrodense structures rich in viral proteins and RNA (Estes & Cohen, 1989) . The structural proteins VP1, VP2, VP3 and VP6, and the non-structural proteins NSP2, NSP5 and NSP6, are all localized to viroplasms (Estes & Cohen, 1989 ; Gonza! lez et al., 1998 ; Patton, 1995) .
Patton and coworkers characterized macromolecular structures that are intermediates in rotavirus replication (RIs) (Patton, 1995) . Three distinct RIs were separated by gel electrophoresis, which were relatively enriched in different sets of proteins : the precore RI (VP1, VP3, NSP1 and NSP3), the core RI (VP1, VP2, VP3, NSP2 and NSP5) and the VP6 RI (VP1, VP2, VP3, VP6 and NSP2). All three RIs were shown to have associated RNA replicase activity (Gallegos & Patton, 1989) . In addition, a viral RNA-protein complex with RNA replication activity, and containing NSP2, VP1, VP2 and VP6 proteins, was precipitated from rotavirus-infected cells by using an NSP2-specific monoclonal antibody (Aponte et al., 1996) . Despite the multiple protein interactions that should occur in these RIs to coordinate the RNA replication and morphogenesis of the virions, specific protein-protein contacts in either viroplasms or the isolated replication complexes have been poorly studied.
Among the non-structural proteins present in the identified RIs is NSP5, an O-glycosylated phosphoprotein of 197-200 aa, with putative autocatalytic kinase activity (Blackhall et al., 1997 ; Gonza! lez & Burrone, 1991 ; Poncet et al., 1997 ; Welch et al., 1989) . Depending on its degree of phosphorylation, NSP5 can exist as several isoforms with molecular masses of 26, 28 and 30-34 kDa (Afrikanova et al., 1996 ; Blackhall et al., 1997 ; Poncet et al., 1997) . This protein, which is able to form homo-oligomers (Gonza! lez et al., 1998 ; Poncet et al., 1997) , has been shown to interact with NSP2 (Afrikanova et al., 1998 ; Poncet et al., 1997) , and this association was found to up-regulate the NSP5 hyperphosphorylation activity, and to allow the formation of viroplasm-like structures (Afrikanova et al., 1998 ; Fabbretti et al., 1999) . NSP5 has also been proposed to interact with the virus polymerase VP1 (Afrikanova et al., 1998) , and the non-structural 11 kDa protein NSP6 (Gonza! lez et al., 1998 ; Mattion et al., 1991) . NSP5 and NSP6 are encoded in alternative open reading frames (ORFs) of the genomic dsRNA segment 11 (Mattion et al., 1991) .
In this work we describe the mapping of the domains of NSP5 responsible for homomultimerization, and for the interaction with NSP6, and report the existence of a correlation between the ability of NSP5 to self-associate and its capacity to be hyperphosphorylated.
Methods
Protein labelling and immunoprecipitation assays. Confluent epithelial MA104 cells on six-well plates were infected with porcine rotavirus YM at an m.o.i. of 2 immunoperoxidase focus units per cell. The proteins were metabolically labelled with 50 µCi\ml of Easy Tag Express-[$&S] protein labelling mix (1175 Ci\mmol, NEN), for 5 h, starting at 3 h post-infection. After the labelling period, the cells were solubilized in 300 µl of lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 7n5, 1 mM EDTA, 1 % Triton X-100, 20 µg\ml PMSF, 2 µg\ml aprotinin, 2 µg\ml leupeptin) for 10 min on ice. Immunoprecipitation assays were carried out as described by Gonza! lez et al. (1998) , using rabbit hyperimmune serum to rotavirus YM NSP5 (Gonza! lez et al., 1998) or to rotavirus RF NSP6 (M. Duarte, N. Castagne! , E. Gault & D. Poncet, unpublished data) proteins synthesized in bacteria.
Construction of expression vectors.
All the NSP5 and NSP6 gene expression constructs were derived from the porcine rotavirus YM gene 11 (664 nucleotides long) cloned in plasmid pGEM-3Z (Lo! pez & Arias, 1993), using standard recombination techniques. This plasmid is referred to in this work as YM11\pGM. A cDNA fragment encoding the 197 aa ORF of YM NSP5 (contained between nucleotides 22 and 612 of gene 11) was obtained by digestion of YM11\pGM with Eco47III (which cuts at nucleotide 9 of dsRNA 11) and SmaI (located in the vector polylinker). This DNA fragment was further digested with DraI and BclI (which cut at nucleotides 68 and 411, respectively, of YM gene 11) to obtain the 92 aa out-of-phase (j1) ORF that encodes NSP6 (comprised of nucleotides 80-355 of gene 11). (Mattion et al., 1991) . For the yeast two-hybrid assay, the NSP5 and NSP6 cDNAs fragments described above were cloned into yeast vectors pGBT9 and pGAD424 (Clontech), to be expressed, respectively, as fusion polypeptides with the DNA binding (BD) and activation (AD) domains of the yeast activator GAL4. In this way plasmids NSP5\pGB, NSP6\pGB, NSP5\pGD and NSP6\pGD were generated. In addition, the NSP5 and NSP6 cDNAs were cloned into the multiple cloning site of yeast vectors pAS2-1 and pACT2 (Clontech) to generate plasmids NSP5\pAS2-1 and NSP6\ pACT2, which overproduce the NSP5-BD and NSP6-AD hybrid proteins, respectively. In most experiments, the NSP6 protein was expressed from yeast vectors containing the gene 11 cDNA fragment between restriction sites DraI and SmaI, described above.
Deletion mutants of NSP5 were constructed to map protein-protein interaction domains. The NSP5 DNA regions described for mutants ∆C66 and ∆N130 in Fig. 2 were obtained from plasmid NSP5\pGB by digestion with BclI, which cuts after the nucleotide triplet encoding aa 130 of NSP5, and a second restriction enzyme with sites present either side of the plasmid polylinker. The NSP5 regions contained in all other deletion mutants were amplified by PCR using as template plasmid NSP5\pGB, and all mutants were cloned into pGBT9. The NSP5 mutant CdmS, in which cysteine residues 170 and 173 were substituted by serine residues, was constructed using two oligonucleotides (forward and backward) which introduced the suitable nucleotide changes, and the two PCR products were cloned sequentially into plasmid pGBT9. All constructs used in the two-hybrid system were verified by nucleotide sequencing of the cloning junction region, to ensure that the coding region of either NSP5 or NSP6 was in-frame with the AD or BD of GAL4. Dimerization of vimentin was used as a positive control in two-hybrid assays. Human vimentin cloned in plasmids pGBT9 and pGAD424 was kindly provided by J. F. Hess (University of California, Davis, CA, USA).
To synthesize histidine-tailed rotavirus non-structural proteins in bacteria, the ORFs corresponding to NSP5 and its mutant ∆C10 (Fig. 2) , as well as that of NSP6 (amplified by PCR, and containing exclusively the NSP6 ORF, nucleotides 80-355, plus a stop codon), were cloned in bacterial plasmid pET28a + (NSP5\pET, ∆C10\pET or NSP6\pET, Novagen). This plasmid is designed to add histidine tails to the N terminus of proteins, and about 24 extra aa after the tail are also included, depending on the cloning site used. The bacterial strain used for expression of the recombinant genes was BL21(DE3).
For expression in MA104 cells using the vaccinia virus-T7 transient expression system (Fuerst et al., 1986) , the cDNAs encoding wild-type (wt) NSP5, ∆C10 and NSP6 (obtained from plasmid NSP6\pET, containing about 15 extra aa at the N terminus of the protein, but not the His-tail) were cloned in plasmid pcDNA3.1\Hygro − (Invitrogen). The generated plasmids are referred to as NSP5\pcDNA, ∆C10\pcDNA and NSP6\pcDNA, respectively.
Yeast two-hybrid assay. This assay was performed as described by Gonza! lez et al. (1998) . When constructions in vectors pAS2-1 and pACT2 were used, the yeast strain Y187 was employed. β-galactosidase activity was detected using X-Gal (Boehringer Mannheim).
In vitro transcription and translation. The in vitro transcription and translation reactions were done essentially as described by Lo! pez et al. (1994) . The NSP5 mRNA was transcribed from NSP5\pGM using T7 RNA polymerase. The luciferase mRNA was purchased from Promega.
Affinity assay. The bacteria transformed with constructions in plasmid pET28a + were grown to A '!! l 0n6, and induced to express Histailed proteins with 1 mM IPTG. Lysates were prepared by sonication three times for 20 s in binding buffer (20 mM imidazole, 0n5 M NaCl, 20 mM Tris-HCl pH 7n9, 20 µg\ml PMSF) plus 1 % Triton X-100, and incubated for 15 min at room temperature. For the affinity assay, 300 µl of lysate, representing 3 ml of culture, was incubated for 20 min, at 25 mC, with 60 µl of 50% Ni# + -NTA agarose (Qiagen) in binding buffer. Next, 5 µl of the in vitro translated, $&S-labelled proteins was added, and the mixture was incubated for 2 h at 4 mC. The agarose beads were then washed once with binding buffer and three times with wash buffer (60 mM imidazole, 0n5 mM NaCl, 20 mM Tris-HCl pH 7n9), and the protein complexes bound to the beads were released by boiling in 40 µl of 2i Laemmli sample buffer and analysed by SDS-PAGE, Coomassie blue staining and fluorography.
Transient gene expression. MA104 cells (70-80 % confluent) on 12-well plates were infected with vaccinia virus vTF7-3 (Fuerst et al., 1986) , kindly provided by B. Moss (NIAID, NIH, Bethesda, MD) at an m.o.i. of 10 p.f.u. per cell. After 30 min incubation, the inoculum was removed, and a mixture of lipofectamine (Gibco BRL) and 125 ng of each plasmid was added. The cells were further incubated for a period of 6 h, after which the lipofectamine-DNA complex was removed. The transfected cells were metabolically labelled at 21 h post-infection for 2n5 h with either 50 µCi\ml of Easy Tag Express-[$&S] protein labelling mix (1175 Ci\mmol, NEN) or 100 µCi\ml of $#P i (8500-9120 Ci\mmol, NEN). When used, the phosphatase inhibitor okadaic acid (Gibco BRL) was added to cultures at 0n5 µM during the labelling period (Blackhall et al., 1998) . After metabolic labelling, the cells were solubilized in lysis buffer, and the proteins were immunoprecipitated as described in Gonza! lez et al. (1998) .
Western blot analysis. Extracts were prepared from yeast cell pellets obtained from 10 ml of liquid cultures with an A ''! l 0n6. The cell pellets were disrupted in 0n1 ml SoE buffer (0n9 M sorbitol, 0n1 M EDTA, pH 8, 20 µg\ml PMSF), supplemented with 4 µl Laemmli sample buffer and 40 µl of acid-washed 0n5 mm glass beads, by vortexing three times for 1 min each. Finally, 96 µl of Laemmli sample buffer was added and the samples were boiled for 3 min, cooled on ice, and centrifuged for 5 min at 4 mC; 10 µl of the resulting supernatants or 20 µl of MA104 infected cell lysates (described above) were loaded on SDS-polyacrylamide gels. After electrophoresis the proteins were transferred to nitrocellulose membranes and probed with hyperimmune serum to NSP5 (Gonza! lez et al., 1998) (diluted 1 : 1000 in PBS-5 % non-fat milk-0n2 % Tween 20), or a monoclonal antibody to GAL4-AD (Clontech ; diluted 1 : 7500, as mentioned above). The membranes were then incubated with peroxidaseconjugated secondary antibodies, and finally developed with the Amersham enhanced chemiluminescence detection system. Secondary structure prediction. The secondary structures of the NSP5 and NSP6 proteins were predicted by the Predator method (Frishman & Argos, 1996) . This method, available from http :\\ pbil.ibcp.fr\cgi-bin\npsaIautomat.pl?pagelnpsaIserver.html, is based on recognition of potentially hydrogen-bonded residues in a single amino acid sequence. The amino acid sequences were obtained for the following rotavirus strains : for NSP5 group A rotaviruses, YM (GenBank accession RV-5 (P18037) , B37 (M28378), v115 (X76777) and 69M (MNXR69) ; for NSP5 group C rotaviruses, Cowden (X65938), Bristol (AAA47354) and Shintoku (L12391) ; for NSP6 group A rotaviruses, YM, CC86, CN86, C60, v183, Wa, Z10262, Mc345, SA11, UK, RF, DS-1, B37, v252, v51, v115, v158, v47, v61 , 69M, VMRI and OSU. The predicted structures that were shared by all the sequences analysed for each protein are shown in Fig. 6 .
Results

Proteins expressed from rotavirus YM gene 11 in MA104 cells
It has been reported that rotavirus gene 11 encodes two non-structural proteins, NSP5 and NSP6 (Mattion et al., 1991 ; Welch et al., 1989) . As the first step in the characterization of the NSP5 homomultimers and the NSP5-NSP6 heterocomplexes, we wanted to confirm that the two polypeptides were expressed in rotavirus YM-infected MA104 cells. With a mono-specific serum to NSP5, several proteins with molecular masses of 26, 28 and 30-35 kDa were precipitated from lysates of YM-infected cells (Fig. 1 A, lane 2) which were not present in mock-infected cells (Fig. 1 A, lane 1) . These proteins have been shown to represent NSP5 species that differ in their The variable region of NSP5, located between aa 112 and 132 in rotavirus YM, is indicated by a diagonally hatched box. Two conserved cysteine (C) residues, at aa positions 170 and 173, are shown. The kinase-like domain spanning aa 175-195 is depicted by a black box. The mutant NSP5 proteins used in this study are also shown. The NSP6 protein, which is coded by an out of phase (j1) ORF in rotavirus gene 11, is depicted (as is NSP5) according to the relative position of the gene 11 region that encodes it. The various constructions were expressed as fusion proteins with the DNA binding (GAL4BD) and activation (GAL4AD) domains of GAL4, as indicated. The blue colour appearance in the two-hybrid analysis was recorded as follows : jjjj, 60 min ; jjj, 120 min ; jj, 210 min ; j, 360 min ; -, no colour after 8 h incubation with X-Gal ; N. D., not determined. At 8 h the intensity of the yeast blue phenotype correlated with the time of blue colour appearance, i.e., the earlier the blue colour appeared, the stronger it was.
degree of phosphorylation (Afrikanova et al., 1996 ; Blackhall et al., 1997 ; Poncet et al., 1997) . A rabbit hyperimmune serum to NSP6 immunoprecipitated a protein with a molecular mass of 10 kDa from the rotavirus YM-infected cell lysates ( Fig. 1 B , lane 1), but not from lysates of mock-infected cells (Fig. 1 B, lane 2). Several additional bands of higher molecular mass were present in the immunoprecipitate of YM-infected cells ; however, these bands were non-specifically precipitated, since they were also observed in the absence of the serum to NSP6 (Fig. 1 B, lane 3) . NSP6 had been previously identified by immunoprecipitation of rotavirus SA11-infected cells, in which the protein exhibited a molecular mass of 11 kDa (Mattion et al., 1991) . These data clearly show that both NSP5 and NSP6 are being expressed from rotavirus YM gene 11.
In vivo determination of the multimerization domain of rotavirus NSP5
To map the NSP5 region involved in homomultimerization we used the yeast two-hybrid assay. For this, deletion mutants of the protein (Fig. 2) were synthesized as fusion polypeptides with the DNA binding domain of GAL4 (GAL4-BD). The Cterminal mutant ∆C66 was found not to interact with wt NSP5 fused to the activation domain of GAL4 (GAL4-AD) (Fig. 2) . On the other hand, N-terminal mutants ∆N130, ∆N162 and ∆N177 still associated with the wt protein ; in fact, the interaction of mutants ∆N130 and ∆N162 with the complete protein was even more efficient than that obtained with the wt NSP5 homomultimer (Fig. 2) . The NSP5 mutant ∆N162 interacted with itself as efficiently as the wt homomultimer (not shown), indicating that the multimerization domain of NSP5 localizes exclusively to the 36 C-terminal aa residues of the protein. Furthermore, the fact that mutant ∆N177, which encodes only the 20 C-terminal aa of NSP5, was still able to interact with wt NSP5 further defined the multimerization domain to this region. The elimination of the 10 C-terminal aa from the full-length protein (mutant ∆C10) completely abolished the interaction with wt NSP5 (Fig. 2) , and mutant ∆N162∆C10, derived from construct ∆N162, was affected in the same way. These results clearly show that the 10 Cterminal aa of NSP5 are essential for multimerization of the protein.
The role in multimerization of the NSP5 conserved cysteine residues located at aa positions 170 and 173 was also evaluated. For this, we changed, by site-directed mutagenesis, the two cysteine residues to serine residues (Fig. 2, mutant CdmS). The double-mutant protein CdmS maintained the ability to interact with wt NSP5, although the interaction was slightly weaker than that achieved with the wt NSP5 multimer (Fig. 2) , indicating that these conserved cysteine residues are not essential for multimerization of the protein.
In vitro determination of the multimerization domain of NSP5
The relevance of the 10 C-terminal aa of NSP5 for the formation of multimers was examined in vitro. Wild-type NSP5, and the deletion mutant ∆C10, were expressed in bacteria with a tail of six histidine residues at their N terminus (NSP5-His). The Ni# + affinity-purified fusion proteins had an apparent molecular mass of 30 and 28 kDa, respectively (Fig. 3 A, lanes 2 and 3). These proteins were tested for their ability to interact with [$&S]methionine-labelled NSP5 and luciferase (as negative control) proteins synthesized in a rabbit reticulocyte lysate. The in vitro produced NSP5 and luciferase polypeptides showed molecular masses of 25 kDa and 61 kDa, respectively (Fig. 3 B, lanes 1 and 5) . In this affinity assay, the soluble in vitro translated $&S-labelled proteins were added to the histidinetagged proteins bound to Ni# + -agarose, and the mixture was incubated for 2 h at 4 mC. After extensive washes, the protein complexes that remained attached to the Ni# + -agarose beads were recovered and analysed by SDS-PAGE, Coomassie blue staining and autoradiography. Radioactive NSP5 bound to NSP5-His (Fig. 3 B, line 2 ), but it did not attach to control Ni# + -agarose beads (Fig. 3 B, lane 4) . The specificity of the NSP5 multimerization was also shown by the fact that NSP5-His did not capture $&S-labelled luciferase (Fig. 3 B, lane 6) . Despite the fact that comparable amounts of NSP5-His and ∆C10-His proteins were used in the assay (Fig. 3 A, lanes 2 and 3) , ∆C10-His did not interact with $&S-labelled NSP5 (Fig. 3 B, lane 3) , confirming that aa residues 188-197 of NSP5 are essential for multimerization.
Correlation between multimerization capacity and hyperphosphorylation of NSP5
Several species of NSP5, differing in their degree of phosphorylation, have been identified in rotavirus-infected cells (Afrikanova et al., 1996 ; Blackhall et al., 1997 ; Poncet et al., 1997) . These isoforms of NSP5, with relative molecular masses of 26, 28 and 30-34 kDa, are also present in lysates of rotavirus YM-infected MA104 cells (Fig. 1 A) . To determine whether the multimerization of NSP5 influences its phosphorylation level, we transiently expressed in MA104 cells wt NSP5, and its mutant ∆C10 (which does not multimerize in the two-hybrid and in vitro affinity assays), and compared their in vivo phosphorylation pattern.
The NSP5 and ∆C10 genes were cloned under the control of the T7 RNA polymerase promoter in the expression vector pcDNA3.1\Hygro − , and these constructions were transfected into MA104 cells previously infected with vaccinia virus vTF7-3 (Fuerst et al., 1986) . The transfected cells were labelled with $#P i , and lysates of these cells were immunoprecipitated with a hyperimmune serum to NSP5 and analysed by SDS-PAGE and autoradiography. In the absence of any other rotavirus protein, NSP5 was present in the multiple isoforms previously described (Fig. 4, lane 1 ). An additional faintly phosphorylated polypeptide of 23 kDa was observed, which could represent the initiation of translation at a second inphase methionine located at aa position 52 (Mattion et al., 1991) . On the other hand, mutant ∆C10 showed that the species equivalent to the 26 and 28 kDa forms of the wt protein accumulated (labelled in Fig. 4 as 30 and 28 kDa proteins, respectively, since they contain about 15 extra aa at their N termini ; see Methods), but the hyperphosphorylated forms were barely distinguished (Fig. 4, lane 2) . A short NSP5 product of about 22 kDa was also observed in ∆C10, which most probably represents, as described above, a polypeptide result of the initiation of translation at methionine 52. This 22 kDa protein seems to be more efficiently phosphorylated than the corresponding polypeptide derived from the wt gene. Addition of okadaic acid, a phosphatase inhibitor, to the transfected cell cultures increased the amount of hyperphosphorylated species in both NSP5 and ∆C10, but the hyperphosphorylated isoforms were much more evident in wt NSP5 as compared to the mutant protein (Fig. 4, lanes 3 and 4) . These results suggest that the multimerization of NSP5 is The genes encoding NSP5 and the mutant ∆C10 were transiently expressed in MA104 cells using the vaccinia virus-T7 polymerase system (see Methods), and labelled with 32 P i for 2n5 h starting at 21 h post-infection (lanes 1-4), in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of 0n5 µM okadaic acid. After the labelling period, the cells were disrupted in lysis buffer (see Methods) and aliquots were immunoprecipitated with a rabbit hyperimmune serum to NSP5. The immunoprecipitated proteins were separated in an 11 % polyacrylamide gel and subjected to autoradiography. As described in Methods, the NSP5 proteins (wt and mutant ∆C10) synthesized from the expression vectors used in the T7 polymerase system contain about 15 extra aa at their N termini. Thus, the 28 and 30 kDa phosphoproteins indicated by the open arrows correspond, respectively, to the 28 and 26 kDa observed in rotavirusinfected cells (see Fig. 1 ) ; filled arrowheads indicate the equivalent forms of ∆C10. Hyperphosphorylated (32-37 kDa) species are also indicated.
critical for the efficient generation of the hyperphosphorylated species of the protein.
In vivo mapping of the NSP5 domain that interacts with NSP6
In a previous report it was shown that rotavirus YM NSP5 associates weakly but consistently with YM NSP6 in the yeast two-hybrid assay (Gonza! lez et al., 1998) . This interaction was also found to occur between YM NSP5 and NSP6 derived from the bovine rotavirus strain RF (not shown), which is 88 % identical to YM NSP6, and has six extra aa at its C terminus. In this work, a more efficient interaction between YM NSP5 and NSP6 proteins was observed when the corresponding genes were subcloned into yeast vectors having stronger promoters than those previously used (Legrain et al., 1994) . With these vectors (pAS2-1 and pACT2), the signal of interaction between NSP5-BD and NSP6-AD was similar to that achieved with the association of p53 and the large T antigen, which were used as a positive control (the blue colour in both interactions appeared within the first hour of the assay ; see also Gonza! lez et al., 1998) .
The recombinant proteins synthesized in yeast were characterized by Western blotting. A monoclonal antibody to the AD of GAL4 identified a band of 33 kDa in extracts of yeast cells transformed with plasmid NSP6\pACT2, while antibodies to NSP5 detected a protein of 45 kDa cells transformed with plasmid NSP5\pAS2-1 (not shown). These are the expected molecular masses for the NSP6-AD and NSP5-BD hybrid polypeptides. The antibodies to NSP5 did not react with any protein in yeast cells transformed with NSP6\pACT2 (not shown).
To determine the region of NSP5 committed to the association with NSP6, we used the deletion mutants constructed to identify the NSP5 multimerization domain. The pattern of interaction between NSP6 and the various NSP5 mutants in the yeast two-hybrid system was the same as that found for the homomultimerization of NSP5, with the exception of mutant ∆N177 (Fig. 2) . This mutant, which retains only the 20 C-terminal aa residues of the protein, is able to interact with full-length NSP5, but not with NSP6. In addition, the fact that NSP5 mutant ∆N162 associates with NSP6, while mutant ∆N162C10 does not, suggests that the NSP5 region involved in the interaction with NSP6 is located within aa 163-197.
The heterocomplex NSP5-NSP6 also forms in MA104 cells
Immunoprecipitation of rotavirus YM-infected MA104 cells with polyclonal antibodies to either NSP5 or NSP6 resulted in the interaction of each serum with its corresponding protein, but no evidence of co-immunoprecipitation of the NSP5-NSP6 complex was found (not shown). To overcome the potential problem of not finding this interaction because of the low level of synthesis of NSP6 ( Fig. 1 ; Mattion et al., 1991) or due to the competition of NSP2, NSP6 or another rotavirus protein for binding to NSP5, we transiently co-expressed in MA104 cells the two proteins (NSP5 and NSP6) using the vaccinia virus-T7 RNA polymerase system (Fuerst et al., 1986) . The synthesized proteins, labelled with [$&S]methionine, were analysed by immunoprecipitation with monospecific sera to NSP5 or NSP6. In extracts of cells transfected with either NSP6\pcDNA alone or with plasmids encoding both NSP5 and NSP6, the hyperimmune serum to NSP6 immunoprecipitated a protein of 12 kDa (Figs 5 B, lanes 3 and 4 ; and 5 C, lane 2). This is the expected molecular mass for NSP6, plus 15 extra aa from the vector fused at its N terminus. The preimmune serum did not precipitate this polypeptide (Fig.  5 A, lane 2) . On the other hand, the hyperimmune serum to NSP5 immunoprecipitated from the double-transfected cells, in addition to NSP5, a band of 12 kDa (Figs 5 B, lane 2 ; and 5 C, lane 1). The 12 kDa band did not disappear after treatment of the cell lysates with RNase before immunoprecipitation with the serum to NSP5 (not shown), and was not immunoprecipitated from cells transfected only with NSP5\pcDNA (Fig. 5 B, lane 1) or co-transfected with plasmids encoding NSP6 and the NSP5 deletion mutant ∆C10 (Fig. 5 C, lane 3) . In addition, the serum to NSP5 did not recognize NSP6 in the NSP6\pcDNA-transfected cells (Fig. 5 B, lane 5) . Altogether, these results strongly suggest that rotavirus NSP5 and NSP6 proteins associate in eukaryotic MA104 cells, and confirm that the 10 C-terminal aa of NSP5 are necessary for this association.
Discussion
Viroplasms are electrodense structures that can be observed in rotavirus-infected epithelial cells ; they are formed by a dense array of structural and non-structural rotavirus proteins, and by viral RNA. Our knowledge of the specific proteinprotein interactions that occur in viroplasms is limited ; VP2 and VP6 assemble to form the double-shelled RI, enclosing the viral polymerase VP1 and the guanylyltransferase VP3. However, information about the role of the non-structural proteins and the associations they establish among themselves or with structural proteins is scarce. It has been described that NSP2 associates with NSP5 and VP1 (Afrikanova et al., 1998 ; Kattoura et al., 1994 ; Poncet et al., 1997) . Also, previous results have suggested the existence of NSP5 as a homomultimer (Gonza! lez et al., 1998 ; Poncet et al., 1997) , and an interaction between NSP5 and NSP6 (Gonza! lez et al., 1998 ; Mattion et al., 1991) .
In this work we have mapped the homomultimerization domain of NSP5 in vitro and in vivo. To map this domain in vivo, we used the yeast two-hybrid assay, which was shown to specifically detect the NSP5-NSP5 interaction ( Fig. 2 ; Gonza! lez et al., 1998) . Contrary to this observation, the bovine rotavirus RF NSP5 has been found to spontaneously transactivate the reporter gene when fused to GAL4-BD (Poncet et al., 1997) . The fact that RF NSP5 has transactivation activity, while YM NSP5 does not, might be the consequence of amino acid differences between these two proteins, which have an identity of 92 %.
NSP5 is highly conserved in group A rotavirus strains, and one of the most conserved domains of the protein is the Cterminal region (Mattion et al., 1994) . This region is also the most conserved between group A and group C NSP5 proteins (Bremont et al., 1993 ; Mattion et al., 1994) . For instance, the Bristol group C human strain has an overall identity of 24 % with the group A porcine rotavirus strain YM, while the identity between the C-terminal 28 aa of these two proteins is 46 %. Furthermore, the prediction of the secondary structure of both group A and C NSP5 polypeptides showed that the 20 Cterminal aa has an α-helical structure (Fig. 6) . The fact that this region includes the homomultimerization domain of group A NSP5 suggests that group C NSP5 may also form multimers, and in turn implies that this property is important for the function of NSP5.
NSP5 has been suggested to have serine\threonine protein kinase activity (Afrikanova et al., 1996 ; Blackhall et al., 1997 ; Poncet et al., 1997) . There is, however, no relevant homology between NSP5 and most protein kinases, and the initial description of the amino acid sequence similarity between NSP5 and guanido kinases encompasses a region of the latter that is not conserved among the family (Suzuki & Furukohri, 1994) and that seems not to have a relevant role in the catalytic, ATP-binding or substrate recognition activities of the protein kinases (Fritz-Wolf et al., 1996) . Despite this, other cellular and viral kinases without the serine\threonine canonical kinase motifs have been reported (Rossi et al., 1996 ; Wu et al., 1990) , thus NSP5 could belong to this group of ' nonconventional ' kinases.
Our results showed that mutant ∆C10, which was not able . In (B) the secondary structure predicted for group A and group C NSP5 proteins is shown ; these are aligned at their C terminus, and amino acid insertions in NSP5 group C are represented by small boxes. NSP6 and NSP5 are placed according to the localization of their respective ORFs in rotavirus gene 11. The NSP5 variable region is indicated by a diagonally hatched box. The multimerization, interaction with NSP6, and putative NSP2 interaction domains are shown as bars above the diagrammatic representation of NSP5. The C-terminal 10 aa of NSP5 that are essential for hyperphosphorylation are indicated by a triangle.
to multimerize (Figs 2 and 3), was very poorly hyperphosphorylated (Fig. 4) , despite the fact that all the serine and threonine residues of the protein, which have been shown to be the target for phosphorylation, are maintained in the mutant protein (Afrikanova et al., 1996 ; Blackhall et al., 1997) . In fact, in the C-terminal 28 aa residues of NSP5 there are no serines or threonines, in contrast with the overall 22 % content of these amino acids in the full-length protein, which suggests that the multimerization of NSP5 is not directly regulated by phosphorylation. Altogether these data strongly support the idea that NSP5 has a kinase activity responsible for its hyperphosphorylation, which would seem to depend on the multimerization of the protein. Several kinases, like protein tyrosine kinase, Janus kinases, type I and II receptors, c-raf and Tousled, require oligomerization for activation (Heldin, 1995 ; Klemm et al., 1998 ; Roe et al., 1997) . Also, it has been shown that dimerization of serine\threonine kinases can be achieved by chemical ligands ; which is in itself sufficient to regulate their activity (Clemons, 1999 ; Farrar et al., 1996 ; Luo et al., 1996) . An alternative explanation for the lack of hyperphosphorylation of mutant ∆C10 is that the 10 C-terminal aa of NSP5 are part of the catalytic core, with the consequential loss of the kinase function when these amino acids are deleted. However, mutant ∆C10 is still phosphorylated to forms equivalent to the 26 and 28 kDa species of wt NSP5, and all available evidence indicates that these forms are the result of an autocatalytic activity rather than the activity of a cellular enzyme (Afrikanova et al., 1996 (Afrikanova et al., , 1998 Blackhall et al., 1997 Blackhall et al., , 1998 Poncet et al., 1997) . Thus, these data suggest that NSP5 has indeed an autocatalytic activity, which, in order to generate the hyperphosphorylated species of the protein, needs to be in the form of a multimer. In this regard, it is of interest that the NSP5 mutants characterized by Fabbretti et al. (1999) only became hyperphosphorylated when the 10 C-terminal aa of NSP5 were present. Although in that work other mutants having this region were found not to be hyperphosphorylated, the absence of activity of those mutant proteins could be explained by either the impairment of the protein kinase activity (mutants ∆d131-179) or the absence of the substrate region (mutants ∆N80 and ∆d34-80).
The hyperphosphorylation activity of NSP5 has been proposed to be up-regulated in vivo by the interaction of NSP2 with the N-terminal region of NSP5. Deletion of the 33 N-terminal aa of NSP5 was shown to induce hyperphosphorylation of the protein in vivo, and yielded an NSP5 protein insensitive to NSP2 activation (Afrikanova et al., 1998) . These observations are in agreement with our idea that multimerization of NSP5 is important for the hyperphosphorylation activity of the protein, since the N-terminal deletion mutants ∆N130 and ∆N162 were found to interact with the complete protein (by the yeast two-hybrid assay) more efficiently than with the wt NSP5. From our data it would seem that the hyperphosphorylation of NSP5 is enhanced by, rather than being strictly dependent on, the presence of NSP2.
Since the domains of NSP5 responsible for homomultimerization and for the interaction with NSP6 seem to partially overlap (Fig. 6) , it is tempting to suggest that NSP6 could have a regulatory role in the multimerization of NSP5 and hence in the hyperphosphorylation activity of the protein. Additionally, it has been shown that the interaction between NSP2 and NSP5 is reinforced when NSP2 is bound to RNA (Poncet et al., 1997) , thus making an NSP2-NSP5-RNA complex susceptible to regulation by NSP6. It is not known, however, whether NSP5 simultaneously forms multimers and binds NSP6 (and NSP2), or if NSP6 associates with NSP5 and disrupts the multimers. The formation of alternative protein complexes could be modulated by the phosphorylation level of NSP5.
The regulatory role of NSP6 is supported by its low synthesis in rotavirus-infected cells. On the other hand, an ORF encoding NSP6 has not been found in the NSP5 gene of rotavirus group A strains Mc323 and Alabama or in rotavirus group C strains. Thus, the proposed regulatory role of NSP6, or any other function it might have, would seem to be a fine tuning that can be somehow substituted. With regard to the NSP5-NSP6 interaction, it is of interest to note that gene 11 of rotavirus OSU encodes a short, 50 aa long NSP6, which is identical to the corresponding 50 N-terminal aa of the YM protein. OSU NSP6 is able to localize to viroplasms (Mattion et al., 1991) ; thus, if the interaction of NSP6 with NSP5 directs the viroplasmic localization of NSP6, the domain of this protein responsible for the interaction with NSP5 should map to its N-terminal half.
As already recognized, the phosphorylation of NSP5 seems to be a complex process which might involve both viral and cellular kinases (Afrikanova et al., 1996 (Afrikanova et al., , 1998 Blackhall et al., 1997 Blackhall et al., , 1998 Poncet et al., 1997) . The addition of one or a few phosphates, to produce the 26 kDa NSP5 isoform, has been proposed to occur by an intramolecular low-rate autocatalytic event, although the specific attack of a cellular kinase has not been completely ruled out. This primary phosphorylation of NSP5 could make it more able to be phosphorylated on multiple serine\threonine residues to produce the 28 kDa species, as has been shown for other protein kinases (Johnson, 1993 ; Newton, 1997) . Based on the lack of hyperphosphorylation (generation of the 30-34 kDa isoforms) of mutant ∆C10, in this study it is proposed that NSP5 multimerization is essential for this activity of the protein, which is consistent with the suggestion that dimerization brings two polypeptides together, promotes favourable orientations, and makes the intermolecular phosphorylation more efficient (Heldin, 1995 ; Klemm et al., 1998) . Apparently, at the end of the modification process of the protein, cellular kinases could still add more phosphates to NSP5 (Blackhall et al., 1998) . These cellular kinases could phosphorylate NSP5 only if NSP5 is in the form of a multimer. These processes might be regulated in infected cells by NSP6 and NSP2, as described above.
The function of NSP5 is not known, but it has been implicated in the formation of viroplasm-like structures, and in rotavirus genome RNA packaging, assortment and replication. Additional experiments are needed to define the role of this protein, and that of NSP6, in the replication cycle of rotaviruses.
